Introduction
Short interval intracortical inhibition (SICI) was first introduced by Kujirai et al. (1993) . In this paradigm, two pulses of transcranial magnetic are applied through a single stimulating coil over the primary motor cortex. The first, conditioning, stimulus is delivered at a very low (sub motor threshold) intensity; it suppresses the EMG response produced by a second larger (suprathreshold) test pulse given 1-5 ms later. The inhibitory effect has been studied extensively both in healthy subjects (Sanger et al. 2001; Lee et al. 2007; Lackmy and Marchand-Pauvert 2010; Vucic et al. 2009; Peurala et al. 2008; Ortu et al. 2008; Ilic et al. 2002) and in patients (for example Ridding et al. 1995a, b; Hanajima et al. 1996; Wessel et al. 1996) and is thought to result primarily from activation by the conditioning stimulus of low threshold GABAa-ergic interneurons in the cortex (Ziemann et al. 1996a, b) .
However, a number of studies have suggested that SICI may be a more complex phenomenon that consists of two phases of inhibition that are sometimes contaminated by superimposed periods of facilitation (Ilic et al. 2002; Ortu et al. 2008 ). The facilitation is probably caused by a phenomenon termed "short interval intracortical facilitation (SICF, sometimes known as I-wave facilitation)". Because it has a slightly higher threshold than SICI, it is usually possible to study the latter in isolation by careful adjustment of the intensity of the conditioning pulse.
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The majority of evidence that the inhibition consists of two phases has come from investigations using a threshold tracking method. In the original description, Kujirai et al. (1993) quantified inhibition as the percentage decrement in the size of the test response when it was preceded by a conditioning pulse. One problem with this simple approach is that the measured amount of inhibition depends on the input-output gain of the spinal motoneurone pool. SICI reduces the amplitude of the descending corticospinal volley, but the effect that this has on the compound EMG in the muscle depends on which spinal motor neurones fail to be recruited by the smaller volley. If large motor units are derecruited first, then there will be a correspondingly large decrease in the MEP, whereas if small motor units are derecruited, the MEP will not be affected as much (Martin et al. 2006) .
The threshold tracking method, which automatically adjusts the stimulus intensity needed to maintain a constant amplitude of target response, reduces this confound by quantifying inhibition as the increase in test intensity needed to evoke a constant test MEP when it is preceded by an inhibitory conditioning stimulus. In this case, inhibition is expressed in terms of percent increase in test stimulus rather than percent decrease in response size. In practice, it appears to be a sensitive and reproducible method of quantifying SICI (Vucic et al. 2006) .
Using the threshold tracking method, Fisher et al. (2002) initially demonstrated that SICI at an ISI of 1 ms had a lower threshold and was less affected by concurrent voluntary contraction of the muscle than SICI at an ISI of 2.5 ms. They proposed that SICI at 1 ms was due to refractoriness in axons stimulated by the TMS pulses, whereas SICI at 2.5 ms was due to GABAa-ergic inhibition. In order to account for inhibition at ISI = 1 ms, they proposed that under normal conditions, the excitatory effect of the test pulse was produced by the stimulation of axons in the cortex that synaptically facilitated the corticospinal pyramidal neurones. In this case, if a conditioning stimulus is applied before the test shock, it will activate some of the same axons as recruited by the test shock. The result would be that these would be refractory to the subsequent test pulse if it was given only 1 ms later. All the axons that would normally have been activated by the test pulse are still activated, but because some of them are activated early by the conditioning stimulus, and some later by the test shock, synaptic input arriving at the corticospinal neurones is temporally dispersed. This may make it less effective in bringing the output neurones to threshold, resulting in a smaller corticospinal volley. Hanajima et al. (2003) also suggested that axonal refractoriness might be an important factor contributing to SICI at 1 ms. They used monophasic TMS pulses of different orientations to evoke MEPs in actively contracting muscles. In many individuals, a posterior-anterior directed current pulse in the brain activates early I-wave discharge, whereas an anterio-posterior pulse recruits late I-wave discharge (Day et al. 1989; Sakai et al. 1997) . A lateromedial current often produces direct activation of corticospinal axons (the D-wave). They found that although SICI at 3 ms suppressed mainly the later I-waves, at 1 ms, all waves including the D-wave showed some attenuation. They argued that axonal refractoriness (in their case of corticospinal rather than intracortical) axons may have played a part in suppression of the test response. Di Lazzaro et al. (1998) recorded corticospinal volleys from the cervical epidural space and also found that SICI at 3 ms suppressed mainly later I-waves, particularly I3 and I4. However, the situation at 1 ms was less clear: the I1-wave was unchanged, but the I2-wave and later waves were all suppressed.
Others, however, have argued that SICI at 1 ms is more likely to have a synaptic origin. Roshan et al. (2003) found that SICI at 1 ms was more prominent for larger amplitudes of test shock. They argued that a larger test stimulus should be more likely to overcome the refractory period, and therefore, this was unlikely to be the only explanation for the inhibition. Using a similar argument, Vucic et al. (2009) found that SICI at 1 ms reversed to facilitation at higher intensities of conditioning shock; again if neuronal refractoriness was responsible for SICI at 1 ms, then higher conditioning intensities should result in more, not less, inhibition. Finally, Vucic et al. (2011) found that SICI at 1 and 3 ms were both increased after a fatiguing voluntary contraction, although with different time courses. Fatigue is known to produce activity-dependent hyperpolarisation due to the activation of the electrogenic Na + /K + pump during sustained activation of peripheral sensory and motor axons. Axon hyperpolarisation is expected to reduce the refractory period (Kiernan et al. 2000) so that if a similar process occurred in the motor cortex, SICI at 1 ms should have been less effective, rather than more effective, after fatigue. They therefore postulated that SICI at 1 ms was likely to have a synaptic origin.
The most recent experiment highlighting the difference between the two phases of SICI used magnetic resonance spectroscopy to compare GABA levels in sensorimotor cortex with the degree of SICI across 12 healthy volunteers (Stagg et al. 2011) . They found that levels of GABA only correlated with SICI measured at 1 ms but not at 3 ms. The result was puzzling given pharmacological evidence that SICI at 3 ms is a GABAa-ergic effect. The authors therefore postulated that their results were consistent with an extrasynaptic effect of GABA on the refractory period of cortical axons, favouring the idea that SICI at 1 ms was due to neural refractoriness rather than a separate type of synaptic inhibition.
Transcranial direct current stimulation (tDCS) is a second commonly used form of transcranial brain stimulation. Unlike TMS, which induces action potentials in cortical neurones, tDCS is thought to achieve its effects by polarising neurones and indirectly influencing their firing rates and excitability. Anodal surface stimulation depolarises the cell bodies and axon hillock region of corticospinal neurones and increases their excitability (Creutzfeldt et al. 1962; Nitsche and Paulus 2000; Nitsche et al. 2003) , whereas cathodal tDCS has the opposite effect. Concurrent tDCS has also been reported to affect SICI at 2-3 ms (Nitsche et al. 2005) , although the effects are only seen during cathodal stimulation, which increases SICI. The present experiments were designed to test whether concurrent tDCS has the same effect on SICI evoked at shorter ISIs of 1 ms or so.
tDCS has at least two potential effects on the cortical circuits tested with SICI. It will polarise the corticospinal neurones that conduct excitatory output from the TMS pulse to spinal cord. It may also polarise axons of interneurones or afferent fibres within the cortex. We predicted that if the two phases of SICI are produced by two sets of inhibitory synapses located at similar locations on the corticospinal neurones, then tDCS polarisation of pyramidal neurones is likely to have similar effects on the two phases of inhibition. Cathodal tDCS should therefore increase SICI at all intervals, whereas anodal tDCS may either have no effect (as found by Nitsche et al. 2005) or even reduce SICI at all intervals. Conversely, if the synapses were located at very different positions on the dendrites/cell body of vertically oriented corticospinal neurones, then polarisation might have opposite effects on each. For example, anodal tDCS would depolarise the cell body but hyperpolarise the distal dendrites near the cortical surface. Finally, if tDCS affects interneuronal axons, and if axonal refractoriness is an important factor for SICI at 1 ms, but not for SICI at later intervals, then tDCS may also have opposite effects on each phase of inhibition. In particular, anodal polarisation has been shown in experiments on peripheral nerve to shorten the relative refractory period, whereas it is increased by cathodal polarisation (Kiernan et al. 2000) . If the same occurred in cortical axons, then anodal tDCS might increase SICI at 1 ms, whereas cathodal tDCS, by lengthening the refractory period, would reduce SICI at 1 ms.
Methods

Subjects
Eleven healthy volunteers (8 males, 27-43 years old) were the subjects. All gave written informed consent and were paid for participating. The Institute of Neurology Joint Research Ethics Committee approved the experiments, which conformed to the standards set by the Declaration of Helsinki.
Modulation of motor cortex excitability tDCS was delivered by a battery-driven constant-current stimulator (Magstim Eldith DC-Stimulator, Dyfed, UK) using a saline-soaked pair of sponge electrodes (35 cm 2 ). The site of the motor cortical electrode was centred over the hand area "hot spot" of the right first dorsal interosseous (FDI) muscle as determined using single pulses of TMS with an eight-shaped coil. The reference electrode was fixed above the contralateral orbit as recommended for motor cortex stimulation (Nitsche and Paulus 2000) . For anodal stimulation, the positive terminal of the stimulator was connected to the motor cortex electrode with the negative terminal attached to the reference electrode; cathodal stimulation used the inverse polarities.
Stimulation of motor cortex TMS was performed using a standard double (eight shaped, external diameter 70 mm, Magstim Co., Dyfed, UK) coil connected to two single-pulse magnetic stimulators through a Bistim module (Bistim, Magstim Co. Ltd). The coil was held tangentially to the skull over the left motor cortex area with the handle pointing posterolaterally at a 45° angle to the sagittal plane. Note that TMS was performed with tDCS electrodes in place under the coil in both real and sham sessions. This avoided any possible confounds due to the attenuation of stimulation or shift in site of stimulation due to the presence of the tDCS electrodes.
EMG recordings EMG signals were filtered (30 Hz-3 kHz) and sampled at 10 kHz. Recordings were taken from the right FDI muscle using 10-mm Ag-AgCl surface electrodes. Data acquisition and stimulus delivery were controlled by QTRACS software (© Professor Hugh Bostock, Institute of Neurology, Queen Square, London, UK).
Experimental procedure
Subjects were seated in a comfortable reclining chair. Before tDCS, but after application of the tDCS electrodes to the scalp, baseline measurements of resting motor threshold (RMT) and SICI were performed. RMT was defined as the stimulus intensity required to produce a target MEP of 0.3 mV. SICI data at 1, 1.5, 2, 2.5, 3, 4 and 5 ms ISI were recorded. After these baseline measures, tDCS was applied for 10 min. During this period, RMT and SICI were reassessed using the same protocol (i.e. simultaneous with application of tDCS). Each subject underwent both anodal and cathodal tDCS paradigms. Since two different tDCS intensities, 1 and 2 mA, were used for each stimulus polarisation, 1 3 4 separate experiments were planned for each subject. The interval between experiments was at least 3 days.
Computer-assisted threshold tracking SICI analysis was performed by a computer-assisted threshold tracking method (for details see Fisher et al. (2002) ; Vucic et al. (2006) ). In this method, the amplitude of the test response is maintained constant by adjusting the intensity of the test stimulus. Thus, if the conditioning stimulus reduces the amplitude of the test response, the intensity of the test stimulus is increased and vice versa. Three conditions are interleaved in this method. The test stimulus is adjusted to produce an MEP of 0.3 mV peak-to-peak: this is defined here as the RMT. The intensity of the conditioning stimulus was 0.7 times this threshold value. The system automatically and continually tracks the stimulus intensity that is needed to maintain the amplitude of the target response (MEP of 0.3 mV). Channel 1 tracked the amplitude of the test response alone, channel 2 tracked the response to the conditioning stimulus alone to ensure that there was no MEP and channel 3 tracked the combined condition-test pair at a variety of ISIs. Stimuli were delivered every 5 s, and the computer advanced to the next ISI when the tracked MEP was stable. Threshold was defined as the stimulus intensity that produced an MEP in the tracking range of ±20 % on 3 successive trials. Inhibition was defined as difference in intensity between the test stimulus and the conditioned stimulus as proposed by Fisher et al. (2002) :
Note that it takes several seconds to determine the threshold at each time point, so that method can miss rapid changes in excitability of the system (such as produced, for example, by oscillations such as the beta rhythm in the EEG). However, these were not the subject of the present investigation, which concentrates of the net response to long periods of tDCS.
Statistical analysis
In previous publications, SICI measured at ISI = 1 ms and ISI = 2-3 ms have been taken as representing two different underlying phases of inhibition. However, it is unlikely that the duration of each period of inhibition lasts for such a short interval; the expectation is that the periods of inhibition may well overlap for several milliseconds. Indeed, strong correlations between inhibitions at different ISIs have been reported previously (Roshan et al. 2003) which would be consistent with this idea. Thus, in order to represent this idea more fully in the results, we first performed a multivariate Inhibition = (Conditioned test stimulus intensity-RMT)/ RMT × 100 factor analysis of the time course of SICI at different ISIs. Principal component factor analysis with Varimax rotation was used to evaluate the relationship between different ISI values. As expected, it identified two main factors in which effects at different ISIs were weighted differentially. Principal component factor analysis was first performed on pooled pre-tDCS values. After this, factor scores were calculated for each subject using factor score coefficients. Values of the two factors before tDCS were calculated and compared with values elicited during anodal and cathodal tDCS with using paired samples t test. P values <0.05 were considered statistically significant. Interrelations between inhibitions at different ISIs were expressed as Pearson correlation coefficients.
Results
All but 2 subjects were recruited for all 4 different experiments. One subject completed 2 of the 4 experiments while the other subject completed 3 of 4 experiments. There were no adverse effects during any of the procedures.
We had initially thought that the data from 1 to 2 mA tDCS sessions might show an effect of stimulus intensity. In fact, there was no significant difference between the sessions so that the data were combined in the remaining analysis. The group mean SICI curves including all data from 1 to 2 mA conditioning protocols before and during anodal and cathodal tDCS are shown in Fig. 1 . Note that when using the threshold tracking method, inhibition is quantified as an increase in test stimulus. When SICI was measured during the application of anodal tDCS, there was increased inhibition (higher amplitude test stimulus intensity) at ISIs around 1 ms, whereas there was reduced inhibition at longer ISIs; the opposite was true during the application of cathodal tDCS. These effects are quantified below using the factor analysis methodology. Table 1 shows that there was no change in the intensity of either the conditioning or the test TMS pulses during, compared with before, tDCS.
Baseline SICI
Despite the apparent visual difference in the means shown in Fig. 1 , the time course of the baseline (pre-tDCS) data from anodal and cathodal trials was not significantly different (P > 0.05), so that the initial factor analysis was carried out on the combined data from all baseline sessions. Combining baseline (pre-tDCS) data in this way should provide the best estimate of the factors contributing to the form of the SICI time course. We first carried out a correlation analysis between pairs of data at different ISIs (see Roshan et al. 2003) . As shown in Table 2 , strong correlations were seen between short (1-2 ms) ISI values and between long (4-5 ms) ISI values. There were no or only weak correlations between short ISI values (especially ISI for 1 and 1.5 ms) and long ISI values (4 and 5 ms).
Factor analysis for baseline SICI
The results of factor analysis of pre-tDCS values are shown in Table 3 . Two factors (factors 1 and factor 2) with eigenvalues more than 1 were extracted. Together, these factors accounted for 87.4 % of the variance in the data. As seen in the table, in the calculation of factor 1 values, short ISI values have more weight than long ISI values. The opposite was true for factor 2. For these reasons, factor 1 was termed the short interstimulus interval factor (SISIF) while factor 2 was termed "the long interstimulus interval factor (LISIF)". In the remainder of the analysis, these two factors were reapplied separately to the anodal and cathodal data in order to compare their values at baseline with those obtained during tDCS.
Effect of tDCS on SISIF and LISIF
Paired t tests showed that there were no differences between factor values within subjects obtained at 1 and 2 mA tDCS, so that the results were averaged to provide a single estimate of each factor in each participant. Individual results from all subjects are shown in Figs. 2a-d and 3a-d show the results separated into 1 and 2 mA sessions providing further evidence that the directionality of the effects was the same in both cases. In the majority of individuals, anodal stimulation increased SISIF and reduced LISIF, and vice versa for cathodal stimulation. Although there was considerable Conditioning stimulus (%) 36.4 ± 7.4 35.4 ± 6.4 36.4 ± 6.4 35.7 ± 8.4
Stimulus intensities indicate % of the maximum stimulus output variation in the data between subjects, this is similar to the between subject variation reported by Wassermann (2002) and Orth et al. (2003) .
The mean values of SISIF and LISIF are shown in Figs. 4c and 5c and Table 4 . A repeated measures 3-way ANOVA on the combined data with factors "stimulus polarity", "SISIF/LISIF" and "pre/during" tDCS revealed a significant three-way interaction [F(1,17) = 22.9; P < 0.001] which was explored in two separate 2-factor ANOVAs on the data of anodal and cathodal stimulation. In both cases, there was a significant "SISIF/LISIF" × "pre/during" interaction [F(1, 17) > 10; P < 0.006]. Follow-up paired t tests showed that during anodal stimulation, SISIF increased (P = 0.012) while LISIF decreased (P = 0.002). Results of cathodal stimulation were the opposite with reduced SISIF (P = 0.042) and increased LISIF (P = 0.002).
Discussion
The present results show that concurrent tDCS has opposite effects on the two phases of SICI. SICI at short intervals increased during anodal polarisation of the motor cortex, whereas SICI at longer intervals declined. The opposite occurred during cathodal tDCS. We argue below that this is further evidence that the mechanisms of the two phases differ. We discuss possible reasons for this difference.
SICI with the threshold tracking method
As reported by others (Roshan et al. 2003; Fisher et al. 2002) , the results of SICI with threshold tracking showed two periods of maximal inhibition at ISIs 1 and 3 ms. Fisher et al. (2002) demonstrated peaks at 1 ms and between 2.2 and 2.8 ms while Roshan et al. (2003) found peaks of inhibition at 1 and 2.5 ms. The slight difference in the time of the inhibition at 2-3 ms may be due to intersubject differences or to subtle differences in the intensity of the CS, which can change the timings of maximum inhibition (Vucic et al. 2009 ).
We also found that there was variability in the day-today measures of SICI, which meant that the baseline SICI curves were slightly (but not significantly) different prior to the anodal and cathodal conditioning sessions. However, these subtle differences are likely to be within the expected level of between-session variation: both (Boroojerdi et al. 2000; Orth et al. 2003) had noted substantial variability (coefficient of variation for SICI was 37 and 31 %, respectively) from one testing session to the next using the conventional Kujirai paradigm.
When comparing SICI evaluated by threshold tracking with the more conventional "Kujirai" method, it is important to note that although the techniques appear rather different, they probe very similar mechanisms at a fundamental level. It might be thought that using a 0.3 mV test response with threshold tracking would give different results than the 1 mV response used in the Kujirai method. For example, when inhibition is quantified as the per cent suppression of an MEP, a small test response of 0.3 mV is less susceptible to SICI at 2.5 ms than a larger response (Sanger et al. 2001; Roshan et al. 2003) because SICI depends on the inhibition of late I-waves that are only recruited in larger MEPs. At first sight, it seems as if the threshold tracking method would therefore be less sensitive to SICI. Paradoxically, threshold tracking with a 0.3 mV MEP actually examines exactly the same range of late I-wave recruitment as the Kujirai method does using a 1 mV MEP. Imagine that the Kujirai method suppressed a 1 mV MEP by 70 % so that the conditioned response was 0.3 mV amplitude. In the threshold tracking method, we ask what intensity of the test pulse is required to produce a 0.3 mV MEP when preceded by a conditioning pulse. The intensity is exactly the same as in the Kujirai paradigm: it produces a 1 mV MEP when given alone and a 0.3 mV MEP when conditioned. Although threshold tracking may start off with a smaller test pulse intensity, the intensity used when conditioned is within the same range as that used in the Kujirai method. This can be confirmed in the present data by examining Fig. 1 which shows that during conditioning, the test pulse has to be increased in amplitude by 10-20 % in order to maintain the 0.3 mV MEP. Standard input-output curves suggest that this would, in the absence of any conditioning stimulus, increase a 0.3 mV MEP to at least 1 mV (Fisher et al. 2002) .
Factor analysis of SICI
In previous studies, SICI has been subdivided into two phases represented by levels of inhibition measured at ISIs of 1 and 2.5 ms. This does not mean that each phase of inhibition is a unitary event that occurs at only a single time point. Instead, the intervals have been chosen as representing two relatively "pure" time points when the individual contribution of each phase is relatively uncontaminated by other factors. However, choosing individual intervals to represent processes that may continue for many milliseconds ignores any information that may be present at other intervals. Table 4 The mean values of SISIF and LISIF before and during tDCS Anodal Cathodal
9.1 ± 9.4 13.9 ± 8.5* 6.8 ± 9.7 1.9 ± 9.5* 13.6 ± 7.5 10.4 ± 7.0* 2.4 ± 9.5 8.5 ± 9.9* SISIF short interstimulus interval factor, LISIF long interstimulus interval factor, B-tDCS before tDCS, D-tDCS during tDCS * P < 0.05
In order to extract more information from the whole time course of SICI, we chose to analyse SICI by means of a multivariate statistical method. An initial analysis of SICI values at each ISI showed strong correlations for short ISI values and for long ISI values, but relatively weak or absent correlations between SICI evaluated at long and short ISIs. Factor analysis, in accordance with the results of the correlation analysis, revealed two significant factors for SICI with different contributions from short and long ISIs, which we termed "SISIF" and "LISIF". It seems likely that these factors represent two underlying contributions to SICI that overlap in their contributions throughout the whole range of intervals used to examine SICI. Given the relative contributions of different ISIs to each factor in Table 3 , this implies that the short latency inhibition (conventionally SICI at 1 ms) begins to decline at ISI = 3-4 ms and longer, whereas the longer latency inhibition (conventionally SICI at 2.5 ms) begins to become prominent at 2.5 ms and continues until at least 5 ms (and probably longer, see Hanajima et al. 1998) .
The factor analysis also may give some insight into whether the present data was affected by concurrent short interval intracortical facilitation (SICF or I-wave facilitation) (Tokimura et al. 1996; Ziemann et al. 1998) . SICF can be evoked by conditioning stimulus intensities that are only slightly higher than the threshold intensity for evoking SICI (Ortu et al. 2008; Ilic et al. 2002) . Thus, it is potentially quite difficult to separate out the two effects if the conditioning intensity is not adjusted correctly. However, if the contribution of SICF had been extensive, and independent from SICI, then we would have expected to see a contribution from SICF in the factor analysis. This might have had its maximum influence, for example, at 1.5 and 3 ms, which are the peak times for SICF facilitation. However, the two factors of SISIF and LISIF accounted for 87 % of the variance in the SICI data, suggesting that any influence of SICF on the results, if present, is small.
Effect of concurrent tDCS
The TMS intensity required to evoke threshold MEPs of 0.3 mV in the present experiments was unchanged during tDCS of either polarity. At first sight, this seems contrary to the data of Nitsche and Paulus (2000) who originally reported that MEPs evoked during short duration polarisation with tDCS were larger than control during anodal stimulation and smaller during cathodal stimulation. However, a subsequent paper by Nitsche et al. (2005) in which they compared MEP recruitment curves measured during tDCS showed that, as in the present experiments, polarisation had very little effect on small MEPs of around 0.5 mV, whereas the effect on larger MEPs (evoked at stimulus intensities of 130 % threshold) was similar to that described in the previous paper. This may be because TMS with an induced posterior-anterior current, as used in the present experiment, tends to recruit early I-waves at low intensity and late I-waves at higher intensities (Di Lazzaro et al. 2008) . It is possible that late I-waves are more affected by concurrent tDCS than early I-waves, resulting in larger effects on large MEPs evoked by higher intensity TMS pulses. Recently, Lang and colleagues (Lang et al. 2011 ) using epidural recordings of descending corticospinal volleys found that the after-effects of 5 min tDCS were more prominent on late than early I-waves, particularly after cathodal tDCS. However, no recordings were made during application of tDCS which would be needed for direct comparison with the data reported here.
SICI at long ISIs (LISIF)
The present effects at longer ISIs were similar to those described by Nitsche et al. (2005) for cathodal stimulation which increased the amount of inhibition. In contrast, Nitsche et al. found no effect of anodal tDCS, whereas we found that it reduced inhibition. The difference in results could be due either to the different methodology for measuring SICI (threshold tracking versus per cent decrease in response size) or from the longer duration of tDCS that was used in the present experiments (10 min compared with 4 s).
The mechanism of this later phase of SICI appears to involve synaptic inhibition, probably via the activation of GABAa receptors (Ziemann et al. 1996a, b) which suppress the usual response to excitatory glutamatergic input that is responsible for triggering the characteristic high frequency pattern of I-wave discharge. Nitsche et al. (2005) speculated that the effects of tDCS on SICI were due to changes in NMDA receptor efficacy, but did not explore the mechanism in detail. Another possibility is that the effects might be related to the effects of tDCS on the input-output characteristics of the MEP discussed above. The threshold tracking method quantifies SICI as the change in intensity by which the test pulse has to be increased in order to maintain a constant amplitude MEP. As noted above, during tDCS, the slope of the input-output curve is steeper, particularly between threshold and 130 % threshold (Nitsche et al. 2005) so that a smaller increase in stimulus intensity is required to produce the same amplitude of MEP. This might mean, for example, that during anodal tDCS, the test intensity will have to be increased by an amount less than at baseline in order to compensate for a given amount of inhibition produced by the conditioning stimulus. It would appear that the amount of SICI was less during anodal tDCS. However, since the slope of the input-output curve around the threshold tracking target amplitude of 0.3 mV is approximately the same with and without concurrent tDCS, this explanation is open to question until further experiments are conducted to probe in more detail the changes in input-output relationships during tDCS.
Effect of concurrent tDCS on SICI at short ISIs (SISIF)
Despite the uncertainty about the mechanism whereby tDCS changes SICI at longer intervals, the most important implication of the present results is that the effects were different for SICI evaluated at shorter ISIs. This is therefore further evidence to support the conclusion that short-and long interval SICI have different mechanisms. Why this should be is unclear given that the mechanism of SICI at short ISIs is uncertain and still under debate. As outlined in the Introduction, neural refractoriness and synaptic inhibition may both be involved. Vucic et al. (2009 Vucic et al. ( , 2011 have suggested that inhibition at ISIs of 1 and 3 ms are both synaptic in origin. Nevertheless, even if the inhibition is synaptic, then two different pathways must be involved which would be compatible with the present data showing opposite actions of tDCS on SISIF and LISIF. There is some evidence from experiments using subthreshold temporal summation that interneurones mediating SICI at ISI = 2-3 ms are activated trans-synaptically by the conditioning pulse (Bestmann et al. 2004) . There is also evidence that tDCS can change the excitability of the interneurones that mediate transcallosal inhibition (Lang et al. 2004 ). Thus, it might be that the interneurones responsible for each phase of SICI are oriented differently to the scalp and are polarised in different ways by applied tDCS, so that they reduce or enhance the effectiveness of the synaptic input they receive. This would produce opposite effects on SISIF and LISIF. Alternatively, these interneurones might terminate on different parts of the corticospinal neurones which themselves receive different amounts of polarisation according to whether they lie in superficial or deep layers of cortex (see "Introduction").
An alternative explanation is that tDCS affects the refractoriness of interneurones involved in producing excitatory input to corticospinal neurones. Animal data show that anodal polarisation of the cortical surface hyperpolarises the dendrites and depolarises the cell body and initial segment of vertically oriented pyramidal cells (Creutzfeldt et al. 1962 ). The same is thought to happen with tDCS of the human cortex. If so, then it is likely that tDCS can also polarise the nodal membranes of appropriately oriented axons (Bikson et al. 2004) . Experiments on peripheral axons have shown that depolarisation enhances the refractory period, whereas hyperpolarisation leads to reduce refractoriness (Kiernan et al. 2000) . Thus, if anodal tDCS were to depolarise axons of excitatory neurones activated by TMS pulses, their refractory period would be deeper and SISIF would be enhanced, as we observed in the present experiments. Conversely, if cathodal tDCS hyperpolarised the axons, a less effective refractory period would lead to less SICI at short intervals, again as we saw in the present data.
Unfortunately, the data do not allow us to distinguish between these possibilities. However, they do provide a further set of evidence that the early and late phases of SICI are the result of quite separate mechanisms that are likely to overlap temporally for several milliseconds.
